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A radio-frequency ion guide (20) for converging ions by a 
radio-frequency electric ?eld and simultaneously transport 
ing the ions into the subsequent stage is composed of eight rod 
electrodes (21 through 28) arranged in such a manner as to 
surround an ion optical axis (C). Each of the rod electrodes 
(21 through 28) is disposed at a tilt With respect to the ion 
optical axis (C) so that the radius r2 of the inscribed circle 
(29b) at the end face of the ion exit side is larger than the 
radius r1 of the inscribed circle (29a) at the end face of the ion 
injection side. Accordingly, the gradient of the magnitude or 
depth of the pseudopotential is formed in the ion’s traveling 
direction in the space surrounded by the rod electrodes (21 
through 28). Ions are accelerated in accordance With this 
gradient. Therefore, even in the case Where the gas pressure is 
relatively high and ions have many chances to collide With 
gas, it is possible to moderate the ions’ sloWdoWn and prevent 
the ions’ delay and stop. 

6,417,511 B1* 7/2002 Russ et a1. ................ .1. 250/292 7 Claims,4 Drawing Sheets 

CID GAS 

11 1° 14 14 0 14b 16 
I / 1,2 12 l 20 / / 1.5 / 

31 32 33 

. . \ _ EXHAUST 

RF+DC+B|as RF+B|as RF+DC+B|as 
VOLTAGE VOLTAGE VOLTAGE 

GENERATOR GENERATOR GENERATOR 

CONTROLLER “30 



US 7,985,951 B2 
Page 2 

US. PATENT DOCUMENTS JP 2006-525643 A 11/2006 

7,569,811 B2 * 8/2009 Javahery et al. ............ .. 250/282 JP 2006-332003 A 12/2006 
JP 2007-128694 A 5/2007 

2003/0001088 A1* 1/2003 Bateman et al. ............ .. 250/287 * JP 2007128694 A 5/2007 
2005/0199802 A1 9/2005 Ueno WO 97/07530 A1 2/1997 
2005/0253064 A1* 11/2005 Loboda et al. .............. .. 250/292 WO 2004/100209 A2 11/2004 
2005/0258354 A1 11/2005 Baba et al. 
2006/0076485 A1 * 4/2006 Stoenrler et a1. ............ .. 250/290 OTHER PUBLICATIONS 
2007/0114392 A1* 5/2007 Mukaibatake . 250/290 

2009/0218484 A1 * 9/2009 Javahery et a1. ~~~~~~~~~~~~ ~~ 250/282 Section 7,1,2 Chemical Ionization Ion Sources, in Jurgen H. Gross: 

FOREIGN PATENT DOCUMENTS “Mass SpectrometryA Textbook”, 2004, SpringerVerlag, Berlin etc., 

EP 1465234 A2 10/2004 XP00262799' . . 

EP 17630062 A2 3/2007 Japanese Of?ce Action dated Apr. 5, 2011, for the corresponding 
GB 2341270 A 3/2000 Japanese Patent Application No. 2008-549302. 
JP 07-201304 A 8/1995 Extended European Search Report dated Mar. 18, 2011, for the 
JP 11-510946 A 9/1999 corresponding European Patent Application No. 078498680. 
JP 2000-149865 A 5/2000 _ _ 

JP 2005-259481 A 9/2005 * clted by examlner 



US. Patent Jul. 26, 2011 Sheet 1 014 US 7,985,951 B2 

Fig. 1 

cm GAS 

1 l 
1,1 / 1,2 161a 1 20 1/4 /C 1/4b 1'5 1 

31 32 33 I I 
\ _ \ , \ _ EXHAUST 

RF+DC+B|as RF+B|as RF+DC+B|as 
VOLTAGE VOLTAGE VOLTAGE 

GENERATOR GENERATOR GENERATOR 

CONTROLLER “30 

Fig. 2 

VBias+VRF o 
VBias-VRF 





US. Patent Jul. 26, 2011 Sheet 3 014 US 7,985,951 B2 

F) 
VBias-VRF 

O 
VBias+VRF 

(d) (c) (b) 

O O 
VBias+VRF VBias-VRF 

Fig. 7 

---1-r_ 

41 

85 

91 

__.H._-______-_-._____ 

III! 
95 



US. Patent Jul. 26, 2011 Sheet 4 014 US 7,985,951 B2 

Fig. 9 
(a) CONVENTIONAL CONFIGURATION 

I 099 
.0 0: é> --—-—-—-—-—-—--—--—-c 

(b) COMPARATIVE EXAMPLE 

0 

Fig. 10 

I CONVENTIONAL CONFIGURATION 

A COMPARATIVE EXAMPLE 

0 PRESENT INVENTION 
2. 0. AI 1 

8. 0 

6. 0 

4. 0 

2 0 
O 

m5._<> mated”: EwzmFZ 29 

0.06 0.004 O 0.002 
ION-EXPELLING TIME [Second] 

-0.002 

Fig. 11 
13 12 10 

I I 
EXHAUST CID GAS (Ar) 



US 7,985,951 B2 
1 

MASS SPECTROMETER 

TECHNICAL FIELD 

The present invention relates to a mass spectrometer. More 
precisely, it relates to an ion transport optical system for 
transporting an ion into the subsequent stage under a rela 
tively high gas pressure. 

BACKGROUND ART 

A Well-knoWn mass-analyzing method for identifying a 
substance having a large molecular Weight and for analyZing 
its structure is an MS/ MS analysis (or tandem analysis). FIG. 
11 is a schematic con?guration diagram of a general MS/MS 
mass spectrometer disclosed in Patent Documents 1 and other 
documents. 

In this MS/MS mass spectrometer, three-stage quadrupole 
electrodes 12, 13, and 15 each composed of four rod elec 
trodes are provided, inside the analysis chamber 10 Which is 
vacuum-evacuated, betWeen an ion source 11 for ioniZing a 
sample to be analyZed and a detector 16 for detecting an ion 
and providing a detection signal in accordance With the 
amount of ions. A voltage :(U1+V1~cos out) is applied to the 
?rst-stage quadrupole electrodes 12, in Which a direct current 
U1 and a radio-frequency voltage V1-cos out are synthesiZed. 
Due to the action of the electric ?eld generated by this appli 
cation, only a target ion having a speci?c mass-to-charge ratio 
m/ Z is selected as a precursor ion from among a variety of ions 
generated in the ion source 11 and passes through the ?rst 
stage quadrupole electrodes 12. 
The second-stage quadrupole electrodes 13 are placed in 

the Well-sealed collision cell 14, andAr gas for example as a 
CID gas is introduced into the collision cell 14. The precursor 
ion sent into the second-stage quadrupole electrodes 13 from 
the ?rst-stage quadrupole electrodes 12 collides With Ar gas 
inside the collision cell 14 and is dissociated by the collision 
induced dissociation to produce a product ion. Since this 
dissociation has a variety of modes, tWo or more kinds of 
product ions With different mass-to-charge ratios are gener 
ally produced from one kind of precursor ion, and these 
product ions exit from the collision cell 14 and are introduced 
into the third-stage quadrupole electrodes 15. Since not every 
precursor ion is dissociated, some non-dissociated precursor 
ions may be directly sent into the third-stage quadrupole 
electrodes 15. 

To the third-stage quadrupole electrodes 15, a voltage 
:(U 3 +V3-cos out) is applied in Which a direct current U3 and 
a radio-frequency voltage V3-cos out are synthesiZed. Due to 
the action of the electric ?eld generated by this application, 
only a product ion having a speci?c mass-to-charge ratio is 
selected, passes through the third-stage quadrupole elec 
trodes 15, and reaches the detector 16. The direct current 
voltage U3 and radio-frequency voltage V3~cos out Which are 
applied to the third-stage quadrupole electrodes 15 are appro 
priately changed, so that the mass-to-charge ratio of an ion 
capable of passing the third-stage quadrupole electrodes 15 is 
scanned to obtain the mass spectrum of the product ions 
generated by the dissociation of the target ion. 

In a general MS/MS mass spectrometer, the length of the 
collision cell 14 in the direction along the ion optical axis C 
Which is the central axis of the ion stream is approximately 
150 through 200 mm. The gas pressure in the collision cell 14 
is a feW mTorr and higher than that of the analysis chamber 10 
surrounding the collision cell 14. When an ion proceeds in a 
radio-frequency electric ?eld in the atmosphere of compara 
tively high gas pressure, the kinetic energy of the ion attenu 
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2 
ates due to a collision With the gas, so that the ion decelerates. 
In an extreme case, a decelerated ion could stop in the radio 
frequency electric ?eld. 

In the case Where an MS/MS mass spectrometer as previ 
ously described is used as a detector of a chromatograph such 
as a liquid chromatograph for example, it is necessary to 
repeatedly perform an analysis at predetermined intervals of 
time. Hence, if the ion’s time delay is signi?cant due to the 
speed reduction, an ion Which should normally pass through 
the third-stage quadrupole electrodes 15 might not be able to 
pass through it, Which causes a degradation in the detection 
sensitivity. In addition, an ion remaining in the collision cell 
14 may appear at a timing at Which no ion should appear in 
reality, Which causes a ghost peak. 

Moreover, since it takes time for an ion to reach the detector 
16, the time interval of the repeated analysis is required to be 
previously determined in vieW of such a situation, Which 
might cause an omission of analysis information in a multi 
component analysis. 
One conventional and general method for avoiding the 

previously described various problems is to form a direct 
current electric ?eld having a potential gradient in the ion’s 
passage direction in the collision cell 14, so that an ion should 
be accelerated by the action of the direct current electric ?eld. 
In the mass spectrometer described in Patent Document 2, an 
electric ?eld having a potential gradient in the direction of the 
ion optical axis is formed in order to accelerate an ion by the 
application of a direct current voltage to a radio-frequency ion 
guide in Which each rod electrode has a different tilt to the ion 
optical axis, or by the application of a direct current voltage to 
each rod divided in the direction of the ion optical axis. In the 
mass spectrometer described in Patent Document 3, an ion 
that is alloWed to pass through is accelerated by sequentially 
applying a pulse voltage to each aperture electrode of a radio 
frequency ion guide in Which approximately one hundred 
aperture plates are arranged in the direction of the ion optical 
axis. 

HoWever, if each rod electrode of a radio-frequency ion 
guide is obliquely disposed at different angles from each 
other or if an auxiliary electrode is used in order to form a 
direct current electric ?eld having a potential gradient in the 
direction of the ion optical axis, a turbulence might occur in 
the radio frequency electric ?eld appropriate for converging 
ions, Which might deteriorate the ion passing properties. In 
addition, the con?guration of Patent Document 3 has a com 
plex structure, and simultaneously requires a complicated 
control since a pulse voltage for accelerating an ion should be 
appropriately controlled in accordance With each mass-to 
charge ratio. 

In the case Where an atmospheric pressure ioniZation inter 
face is used as in a liquid chromatograph mass spectrometer, 
a multi-stage differential evacuation system is used for main 
taining a high vacuum atmosphere Within an analysis cham 
ber, Which includes a mass separator and detector. In this case, 
the gas pressure inside the intermediate vacuum chamber in 
the subsequent stage of an ioniZation chamber is relatively 
high due do the atmosphere ?oWing from the ioniZation 
chamber, Which causes the same problem as inside the colli 
sion cell as described earlier. 
[Patent Document 1] Japanese Unexamined Patent Applica 

tion Publication No. H07-20l304 
[Patent Document 2] US. Pat. No. 5,847,386 
[Patent Document 3] US. Pat. No. 6,812,453 

DISCLOSURE OF THE INVENTION 

Problems to be Solved by the Invention 

The present invention has been achieved to solve the afore 
mentioned problems, and the main objective thereof is to 
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provide a mass spectrometer capable of effectively prevent 
ing the delay or stagnation of ions With a relatively simple 
structure in a radio-frequency ion guide Which is used under 
a relatively high gas pressure. 

Means for Solving the Problems 

To solve the previously-described problem, the present 
invention provides a mass spectrometer having an ion guide 
for converging ions by a radio-frequency electric ?eld under 
a gas pressure of a feW mTorr or higher than that and simul 
taneously transporting the ions into a subsequent stage, 
Wherein the ion guide forms a gradient of a magnitude or 
depth of a pseudopotential by the radio-frequency electric 
?eld along an ion’s traveling direction, and an ion is acceler 
ated in the traveling direction in accordance With the gradient. 

In the mass spectrometer according to the present inven 
tion, the ion guide may be speci?cally disposed in the folloW 
ing portion for example: the inside of the collision cell into 
Which a collision induced dissociation gas is provided for 
dissociating ions, or the inside of an intermediate vacuum 
chamber provided as the ?rst stage of a plurality of interme 
diate vacuum chambers Which comprise a multiple-stage dif 
ferential evacuation system betWeen an ioniZation chamber 
for ioniZing a target component under an approximate atmo 
spheric pressure and a mass analysis chamber in Which a high 
vacuum atmosphere is maintained. 

In such portions, due to a relatively high gas pressure, ions 
have more chances to collide With a gas and are particularly 
likely to decelerate. On the other hand, in the mass spectrom 
eter according to the present invention, the magnitude or 
depth of the pseudopotential in the ion guide has a monotonic 
doWnWard gradient along the ion’ s traveling direction, that is, 
a falling gradient in Which the pseudopotential may maintain 
the same level at some portions but Will never increase at any 
point. Due to this effect, an ion is given a kinetic energy 
toWard the traveling direction. Accordingly, even if an ion 
collides With a gas and is thereby decelerated, it is accelerated 
once again. Therefore, it is possible to moderate the ion’s 
delay in the ion guide, and also prevent an ion from stopping 
along the Way. 

The pseudopotential by a radio-frequency electric ?eld is 
dependent on a parameter such as the radius of the inscribed 
circle of the ion guide, the number of poles of the ion guide, 
and the amplitude and frequency of the radio-frequency volt 
age applied to the ion guide. Hence, any of such parameters 
may be changed along the direction of the ion optical axis in 
order to form the pseudopotential’s gradient as previously 
described. 
As an embodiment of the mass spectrometer according to 

the present invention, the ion guide may be composed of a 
plurality of linearly-extending rod electrodes surrounding an 
ion optical axis, and each rod electrode may be disposed at a 
tilt in such a manner that the distance from the ion optical axis 
increases toWard the ion’s traveling direction. That is, in this 
embodiment, the radius of the inscribed circle of the ion guide 
is increased along the direction of the ion optical axis. 

With this con?guration, the circuit of the electric system is 
kept from becoming complicated since it is not necessary to 
prepare a variety of radio-frequency voltages Which have a 
different amplitude and frequency, for the voltage (i.e. a 
radio-frequency voltage or a voltage in Which a radio-fre 
quency voltage and direct current bias voltage are superim 
posed) applied to each rod electrode. In addition, all the rod 
electrodes are simply tilted in a rotationally-symmetrical 
manner With respect to the ion optical axis and as before, a 
linearly elongated cylinder (or tube) can be used as the rod 
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4 
electrode itself Therefore, the structure of the electrode and 
the structure for holding the electrode are simple. 
As another embodiment of the mass spectrometer accord 

ing to the present invention, the ion guide may be composed 
of rod electrodes surrounding the ion optical axis, and each 
rod electrode may have a tilted portion such that the radius of 
the inscribed circle of the rod electrodes increases toWard the 
ion’s traveling direction. In this embodiment, the tilted por 
tion may be either a linear one or curved one. 

Also in the case Where the ion guide is composed of not a 
plurality of rod electrodes surrounding the ion optical axis but 
a plurality of plate electrodes arranged at predetermined inter 
vals in the direction of the ion optical axis, the radius of the 
inscribed circle can be practically changed. That is, as another 
embodiment of the mass spectrometer according to the 
present invention, the ion guide may be composed of a plu 
rality of plate electrodes arranged in the direction of the ion 
optical axis, and each plate electrode may have a circular 
opening Whose radius centering on the ion optical axis 
increases toWard the ion’s traveling direction. 
As another embodiment of the mass spectrometer accord 

ing to the present invention, the ion guide may be composed 
of a plurality of virtual rod electrodes surrounding the ion 
optical axis, each virtual rod electrode may be composed of a 
plurality of short segmented rod electrodes separated in the 
direction of the ion optical axis, and the plurality of seg 
mented rod electrodes belonging to the same virtual rod elec 
trode may be disposed in such a manner that the distance from 
the ion optical axis increases toWard the ion’ s traveling direc 
tion. 

In addition, as another embodiment of the mass spectrom 
eter according to the present invention, the ion guide may be 
composed of a plurality of virtual rod electrodes surrounding 
the ion optical axis, each virtual rod electrode may be com 
posed of a plurality of short segmented rod electrodes sepa 
rated in the direction of the ion optical axis, and a radio 
frequency voltage Whose amplitude or frequency is different 
may be applied to the plurality of segmented rod electrodes 
belonging to the same virtual rod electrode. That is, With this 
con?guration, the radio-frequency electric ?eld’s amplitude 
or frequency is changed in the ion’ s passage direction in order 
to form the gradient of the magnitude or depth of the pseudo 
potential. 

Furthermore, as another embodiment of the mass spec 
trometer according to the present invention, the ion guide may 
be composed of a plurality of virtual rod electrodes surround 
ing the ion optical axis, each virtual rod electrode may be 
composed of a plurality of short segmented rod electrodes 
separated in the direction of the ion optical axis, and the 
plurality of segmented rod electrodes belonging to the same 
virtual rod electrode may have a different cross-sectional 
shape. With the change of the segmented rod electrodes’ 
cross-sectional shape, the pseudopotential terms of the dif 
ferent number of poles are superimposed. Hence, the shape of 
the pseudopotential Well changes in the ion’s passage direc 
tion. 

Effects of the Invention 

With the mass spectrometer according to the present inven 
tion, even in the case Where an ion comes in contact With a 
collision induced dissociation gas inside the collision cell and 
the kinetic energy is decreased for example, the precursor ion 
and the product ions generated by a dissociation are assisted 
in their progress, Which can prevent the ions’ substantial 
delay inside the collision cell. Consequently, the amount of 
the target ions to be selected in the mass separator in the 
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subsequent stage is increased, Which improves the detection 
sensitivity. Simultaneously, the appearance of a ghost peak on 
the mass spectrum can also be prevented since an ion’s stag 
nation inside the collision cell and intermediate vacuum 
chamber can be prevented. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic overall con?guration diagram of an 
MS/ MS mass spectrometer according to an embodiment (the 
?rst embodiment) of the present invention. 

FIG. 2 illustrates a radio-frequency ion guide in the 
MS/MS mass spectrometer according to the ?rst embodi 
ment: (a) front elevational vieW, (b) left side elevational vieW, 
and (c) right elevational vieW. 

FIG. 3 is a schematic con?guration diagram of a radio 
frequency ion guide according to another embodiment (the 
second embodiment). 

FIG. 4 illustrates a radio-frequency ion guide according to 
another embodiment (the third embodiment): (a) a left side 
elevational vieW and (b) front end elevational vieW. 

FIG. 5 is a front end elevational vieW of a radio-frequency 
ion guide according to another embodiment (the fourth 
embodiment) . 

FIG. 6(a) is a front end elevational vieW of a radio-fre 
quency ion guide according to another embodiment (the ?fth 
embodiment), and FIG. 6(b), FIG. 6(c), and FIG. 6(d) are an 
end vieW of the same radio-frequency ion guide vieWed from 
the arroW A-A', B-B', and C-C' of FIG. 6(a) respectively. 

FIG. 7 is a front end elevational vieW of a radio-frequency 
ion guide according to another embodiment (the sixth 
embodiment) . 

FIG. 8 is a front end elevational vieW of a radio-frequency 
ion guide according to another embodiment (the seventh 
embodiment) . 

FIG. 9 illustrates schematic con?guration diagrams of 
radio-frequency ion guides, one of Which is a conventional 
example and the other a comparative example for the present 
invention. 

FIG. 10 is a graph illustrating the result of an actual mea 
surement of the relationship betWeen the ion-expelling time 
and the relative intensity in the radio-frequency ion guide 
according to the ?rst embodiment and the ion guides illus 
trated in FIG. 9. 

FIG. 11 is an overall con?guration diagram of a conven 
tional and general MS/MS mass spectrometer. 

EXPLANATION OF NUMERALS 

10 . . . IoniZation Chamber 

11 . . . Ion Source 

12 . . . First-Stage Quadrupole Electrodes 

14 . . . Collision Cell 14 

15 . . . Third-Stage Quadrupole Electrodes 

16 Detector 
20, 40, 50, 60, 70, 80, 90 . . . Radio-Frequency Ion Guide 
21 through 28 . . . Rod Electrode 

BEST MODES FOR CARRYING OUT THE 
INVENTION 

First Embodiment 

An MS/MS mass spectrometer Which is an embodiment 
(the ?rst embodiment) of the present invention Will be 
described With reference to the ?gures. FIG. 1 is an overall 
con?guration diagram of the MS/MS mass spectrometer 
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6 
according to this embodiment, and FIG. 2 is an external vieW 
of an ion guide provided in the collision cell in the MS/MS 
mass spectrometer of the present embodiment. The same 
components as in the conventional con?guration as illustrated 
in FIG. 11 are indicated With the same numerals and the 
detailed explanations are omitted. 

In the MS/MS mass spectrometer of the present embodi 
ment, as in the conventional con?guration, a collision cell 14 
is provided betWeen the ?rst-stage quadrupole electrodes 12 
and the third-stage quadrupole electrodes 15 in order to gen 
erate a variety of product ions by dissociating a precursor ion. 
This collision cell 14 is an almost hermetically-closed struc 
ture except for an ion injection aperture 14a and ion exit 
aperture 14b: for example, a structure Whose surrounding 
face is an approximately cylindrical form and both end faces 
are almost closed. Inside the collision cell, a radio-frequency 
ion guide 20 is provided in Which eight cylindrically-shaped 
rod electrodes are placed in such a manner as to surround an 
ion optical axis C. 
Under the control of a controller 30, a voltage of :(U1+ 

V1-cos (nt)+Vbias1 is applied to the ?rst-stage quadrupole 
electrodes 12 from the RF (radio-frequency) +DC (direct 
current voltage for mass separation) +Bias (bias direct current 
voltage) voltage generator 31, in Which a predetermined 
direct current bias voltage Vbias1 is further added to a voltage 
of :(U1+V1~cos out) in Which a direct current voltage U1 and 
a radio-frequency voltage V1-cos out are superimposed. A 
voltage of :(U3+V3~cos (nt)+Vbias3 is applied to the third 
stage quadrupole electrodes 15 from another RF+DC+Bias 
voltage generator 33, in Which a predetermined direct current 
bias voltage Vbias3 is further added to a voltage of :(U3+ 
V3~cos wt) in Which a direct current voltage U3 and a radio 
frequency voltage V3-cos out are superimposed. This is a 
conventional method. 
A voltage of VBMS+VRF in Which a direct current bias 

voltage VBl-as and a radio-frequency voltage VRF (IV-cos Qt) 
are superimposed or a voltage of VBl-a; RF in Which the 
same direct current bias voltage VBl-as and a radio-frequency 
voltage having a reversed polarity to the radio-frequency 
voltage VRF is applied to the eight rod electrodes Which com 
pose the ion guide 20. A detailed explanation Will be made 
later. 

In such a con?guration, it is knoWn that the pseudopoten 
tial Vp(R), Which is formed in the space surrounded by the 
radio-frequency ion guide 20, at the position (the distance 
from the ion optical axis C in the radial direction) R is 
expressed by the folloWing equation (1): 

Where, r is the radius of the inscribed circle of the ion guide, 
Q is the frequency of the radio-frequency voltage, V is the 
amplitude of the radio -frequency voltage, n is the number of 
poles of the ion guide, In is the mass of the ion, and q is the 
electric charge. That is, it is understood that any one of the ion 
guide’s inscribed circle’s radius r, radio-frequency voltage’s 
frequency Q or amplitude V, and the number of poles of the 
ion guide n may be changed along the direction of the ion 
optical axis so that the pseudopotential Vp(R) should be 
changed along the ion optical axis. In the case Where the 
magnitude or depth of the pseudopotential has a gradient, an 
ion having a charge is accelerated or decelerated in accor 
dance With the gradient. Hence, if the gradient is appropri 
ately formed, an ion can be accelerated While passing through 
the radio-frequency ion guide. 

In the con?guration of the ?rst embodiment, as illustrated 
in FIG. 2, eight cylindrical (or tubular) rod electrodes 21 
through 28 are arranged to surround the ion optical axis C. 
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Each of the rod electrodes 21 through 28 is inclined With 
respect to the ion optical axis C in such a manner that the 
radius of the inscribed circle 29a at the ion injection end’s 
side is r1, and the radius of the inscribed circle 29b at the ion 
exit end’s side is r2 (>r1). That is, the radius of the inscribed 
circle gradually increases in the ion’s traveling direction 
(from left to right in FIG. 2(a)). 

For the eight rod electrodes 21 through 28, four alternate 
electrodes in the circumferential direction centering on the 
ion optical axis C are considered to be a single group. A 
voltage of VBW+VRF is applied to the four rod electrodes 21, 
23, 25, and 27, Which belong to one group, from an RF+Bias 
voltage generator 32, and a voltage of VBZ-GS—VR F is applied to 
the four rod electrodes 22, 24, 26, and 28, Which belong to the 
other group, from the same RF+Bias voltage generator 32. 
The application of the radio-frequency voltage VRF forms a 
radio-frequency electric ?eld in the space surrounded by the 
eight rod electrodes 21 through 28. Since each of the rod 
electrodes 21 through 28 is placed at a tilt as previously 
described, the gradient of the depth of the pseudopotential is 
formed in the ion’s traveling direction. 

In the collision cell 14, a radio-frequency electric ?eld is 
formed by the radio-frequency ion guide 20 as previously 
described, and ions are captured by the action of this radio 
frequency electric ?eld. A precursor ion collides With a CID 
gas, and due to the collision energy, the bond of the precursor 
ion is cut to be dissociated. Since there are generally many 
types of dissociation, the product ions generated from one 
species by a dissociation is not alWays limited to one species. 
Although a portion of the kinetic energy that a precursor ion 
originally has possessed is lost due to a collision With the CID 
gas, a kinetic energy is given by the gradient of the depth of 
the pseudopotential formed in the internal space of the radio 
frequency ion guide 20 as previously described. Conse 
quently, a precursor ion and product ion Which have lo st some 
kinetic energy due to a collision With the CID gas are accel 
erated once again, smoothly progress toWard the ion exit 
aperture 14b Without stagnating in the collision cell 14, and 
are expelled from the collision cell 14 via the ion exit aperture 
14b. 
As just described, With the MS/ MS mass spectrometer 

according to the present invention, it is possible to prevent the 
delay and stagnation of ions in the collision cell 14 by using 
the gradient of the magnitude or depth of the pseudopotential 
formed in the radio-frequency ion guide 20. Consequently, 
the product ions originating from the precursor ion to be 
targeted are introduced into the third-stage quadrupole elec 
trodes 15 Without a signi?cant delay and then mass separated. 
Accordingly, many product ions can be sent into the detector 
16, Which ensures a high detection sensitivity. In addition, 
since ions do not stagnate in the collision cell 14, the genera 
tion of a ghost peak in a mass spectrum can also be prevented. 

The inventors of the present invention have experimentally 
con?rmed the previously described effect of the pseudopo 
tential. The experiment Will noW be explained. In this experi 
ment, the speed of the expelled ions has been measured for the 
folloWing three con?gurations as experimental objects: the 
con?guration of the present embodiment as illustrated in FIG. 
2, the conventional con?guration (in Which each rod electrode 
is arranged in parallel With the ion optical axis C) as illus 
trated in FIG. 9(a), and the con?guration of the comparative 
example (i.e. a barrel-shaped con?guration in Which the cen 
tral region in the longitudinal direction is curved outWard) as 
illustrated in FIG. 9(b). All these con?gurations use an octa 
pole-type ion guide. The con?guration of the comparative 
example of FIG. 9(b) is capable of holding ions around the 
center of the rod electrodes by the pseudopotential gradient 
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8 
from both ends of the rod electrodes toWard the center in the 
longitudinal direction (refer to AndreW Krutchinsky et al., “A 
novel high-capacity ion trap-quadrupole tandem mass spec 
trometer,” International Journal of Mass Spectrometry, pp. 
93-105, 268 (2007)). 

FIG. 10 is a graph illustrating the actual measurement of 
the change in the detection intensity of the product ions origi 
nating from a precursor ion, after continuously injecting a 
precursor ion into the collision cell until the point in time t:0 
and the injection is halted at the point in time t:0. In this 
experiment, a faster decline in the detection intensity signi?es 
a smaller magnitude of the ion’s delay. FIG. 10 illustrates that 
the ions are expelled faster in the con?guration of the present 
embodiment as illustrated in FIG. 2 compared to the conven 
tional con?guration and the con?guration of the comparative 
example. This experimental result shoWs that forming a gra 
dient of the magnitude or depth of the pseudopotential as in 
the present embodiment and thereby accelerating an ion are 
effective in preventing an ion’s delay. 

Next, the radio-frequency ion guides in other embodiments 
having the same effect as the radio-frequency ion guide 20 
adopted in the MS/MS mass spectrometer according to the 
?rst embodiment Will be described With reference to FIGS. 3 
through 8. 

Second Embodiment 

The radio-frequency ion guide 40 illustrated in FIG. 3 is 
composed of a plurality (six in this example) of plate elec 
trodes 41 through 46 arranged along the ion optical axis C. 
Each of the plate electrodes 41 through 46 has a circular 
opening centering on the ion optical axis C, and the radius of 
the opening increases in a stepWise manner toWard the ion’s 
traveling direction. This electrode design is similar to that of 
the ?rst embodiment in Which the radius of the inscribed 
circle of a plurality of rod electrodes gradually increases, and 
hence brings about the same effect as in the ?rst embodiment. 
In this case, the radio-frequency voltage VRF is applied to the 
plate electrodes in such a manner that the polarity is reversed 
for tWo electrodes neighboring along the ion optical axis C. 

Third Embodiment 

The radio-frequency ion guide 50 illustrated in FIG. 4 can 
be considered to be composed of eight rod electrodes dis 
posed in such a manner as to surround the ion optical axis C 
as in the ?rst embodiment. HoWever, the substance of each 
rod electrode is not a single electrode but a virtual rod elec 
trode (e.g. numeral 51) composed of a plurality (?ve in this 
example) of segmented rod electrodes (e.g. numerals 5111 
through 51e) Which are separated in the direction of the ion 
optical axis C. That is, eight virtual rod electrodes 51 through 
58 are disposed in such a manner as to surround the ion optical 
axis C. In each of the virtual rod electrodes 51 through 58, the 
segmented rod electrodes (e. g. numerals 51a through 51e) are 
disposed in such a manner that their distance from the ion 
optical axis C increases in a stepWise manner toWard the ion’ s 
traveling direction. Therefore, the magnitude or depth of the 
pseudopotential does not have a smoothly slanted gradient as 
in the ?rst embodiment but a stepWise gradient, Which brings 
about the same effect as the ?rst embodiment. 

Fourth Embodiment 

The radio-frequency ion guide 60 illustrated in FIG. 5 is 
composed of the virtual rod electrodes composed of a plural 
ity of segmented rod electrodes arranged in such a manner as 
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to surround the ion optical axis C as in the third embodiment. 
(Although only tWo rod electrodes speci?ed by numerals 61 
and 65 are shoWn in FIG. 5, eight rod electrodes exist as in the 
third embodiment.) However, the distance betWeen the ion 
optical axis C and each of the segmented rod electrodes Which 
belong to the same virtual rod electrode is the same. That is, 
the radius of the inscribed circle of the virtual rod electrodes 
is the same at any position along the ion optical axis C. 
Instead, different radio-frequency voltages VRFl through 
VRF5 are applied to each of the plurality of segmented rod 
electrodes (e.g. numerals 6511 through 65e) Which belong to 
the same virtual rod electrode. Either one or both of the 
frequency and amplitude of these radio-frequency voltages 
VRFl through VRF5 are changed in a stepWise manner in order 
to form the gradient of the magnitude or depth of the pseudo 
potential. 

Fifth Embodiment 

The ion guide 70 illustrated in FIG. 6 is composed of the 
four virtual rod electrodes 71 through 74 arranged in such a 
manner as to surround the ion optical axis C, Where each 
virtual rod electrode is composed of a plurality of segmented 
rod electrodes as in the fourth embodiment. However, the 
same radio-frequency voltage VRF is applied to the plurality 
of segmented rod electrodes Which belong to the same virtual 
rod electrode. Instead, the plurality of segmented rod elec 
trodes include one having a different cross-sectional shape. 
Speci?cally, in the virtual rod electrode 71 for example, the 
segmented rod electrodes 71a and 71b have a circular cross 
section, the segmented rod electrodes 71c and 71d have a 
pentagonal cross section, and the segmented rod electrode 
71e has a square cross section. 

In the case Where the segmented rod electrodes have dif 
ferent cross-sectional shapes, to be more precise, Where some 
have a cross-sectional shape other than a circle, pseudopoten 
tial terms of poles other than the n poles are superimposed in 
the equation (1), Which changes the pseudopotential’s shape. 
Accordingly, a substantial gradient is formed in the magni 
tude or depth of the pseudopotential, Which brings about the 
same effect as the ?rst embodiment. 

Sixth Embodiment 

In the radio-frequency ion guide 80 illustrated in FIG. 7, 
rod electrodes themselves are bent halfWay. (Although only 
the numerals 81 and 85 are shoWn in the ?gure, eight rod 
electrodes exist as in the ?rst embodiment.) Accordingly, the 
radius of the inscribed circle 89b at the side of the ion exit end 
is larger than that of the inscribed circle 8911 at the side of the 
ion injection end. In the range L1 Where the rod electrodes are 
in parallel to the ion optical axis C, the pseudopotential does 
not have a gradient: hoWever, in the range L2 Where the rod 
electrodes are tilted With respect to the ion optical axis C, the 
pseudopotential has a gradient as in the ?rst embedment. 
Therefore, this con?guration basically brings about the same 
effect as the ?rst embodiment. 

Seventh Embodiment 

In the radio-frequency ion guide 90 illustrated in FIG. 8, 
rod electrodes themselves are curved. (Although only the 
numerals 91 and 95 are shoWn in the ?gure, eight rod elec 
trodes exist as in the ?rst embodiment.) Accordingly, the 
radius of the inscribed circle 99b at the side of the ion exit end 
is larger than that of the inscribed circle 9911 at the side of the 
ion injection end. In addition, it is ensured that the radius 
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10 
gradually increases in the ion’ s traveling direction. Therefore, 
this con?gurationbasically brings about the same effect as the 
?rst embodiment. 

In the aforementioned examples, the radio-frequency ion 
guide Which is characteristic of the present invention is pro 
vided in the collision cell. In the same manner, the radio 
frequency ion guide may be provided in the portion Where 
ions need to be converged under a relatively high gas pressure 
and transported to the subsequent stage. 

In particular, an LC/MS or other apparatuses often adopt a 
multiple-stage differential evacuation system in Which a plu 
rality of intermediate vacuum chambers are disposed 
betWeen the atmospheric pressure ioniZation interface such as 
an electrospray ioniZation interface and the analysis chamber 
containing a mass separator and detector in a high vacuum 
atmosphere. In this case, inside the intermediate vacuum 
chamber that immediately folloWs the atmospheric pressure 
ioniZation interface, the gas pressure is relatively high due to 
the air ?oWing in from the atmospheric pressure ioniZation 
interface, and an ion is likely to be decelerated due to the 
effect of the air. Therefore, the provision of the radio-fre 
quency ion guide as previously described in such an interme 
diate vacuum chamber to increase the ion’s passage e?i 
ciency increases the ion’s detection sensitivity. 

It should be noted that every embodiment described thus 
far is merely an embodiment of the present invention, and that 
any modi?cation, addition or correction appropriately made 
Within the spirit of the present invention Will be included in 
the scope of the claims of the present application. 
The invention claimed is: 
1. A mass spectrometer having an ion guide for converging 

ions by a radio-frequency electric ?eld inside a collision cell 
or an intermediate vacuum chamber and simultaneously 
transporting the ions into a subsequent stage, Wherein the ion 
guide comprises electrodes surrounding an ion optical axis, 
and each electrode has a titled portion such that a radius of an 
inscribed circle of the electrodes increases toWard an ion’s 
traveling direction, thereby the ion guide forms a gradient of 
a magnitude or depth of a pseudopotential by the radio-fre 
quency electric ?eld along the ion’s traveling direction, and 
the ion is accelerated in the traveling direction in accordance 
With the gradient. 

2. The mass spectrometer according to claim 1, Wherein the 
electrodes comprise a plurality of rod electrodes surrounding 
the optical axis. 

3. The mass spectrometer according to claim 2, Wherein the 
rod electrodes are linearly-extending, and each rod electrode 
is disposed at a tilt in such a manner that a distance from the 
ion optical axis increases toWard the ion’s traveling direction. 

4. The mass spectrometer according to claim 1, Wherein the 
electrodes comprise a plurality of plate electrodes arranged in 
a direction of the ion optical axis, and each plate electrode has 
a circular opening Whose radius centering on the ion optical 
axis increases toWard an ion’s traveling direction. 

5. The mass spectrometer according to claim 1, Wherein the 
electrodes comprise a plurality of virtual rod electrodes sur 
rounding the ion optical axis, each virtual rod electrode com 
prising a plurality of short segmented rod electrodes spaced in 
a direction of the ion optical axis, and the plurality of seg 
mented rod electrodes belonging to a same virtual rod elec 
trode are disposed in such a manner that a distance from the 
ion optical axis increases toWard the ion’s traveling direction. 

6. A mass spectrometer having an ion guide for converging 
ions by a radio-frequency electric ?eld inside a collision cell 
or an intermediate vacuum chamber and simultaneously 
transporting the ions into a subsequent stage, Wherein the ion 
guide comprises a plurality of virtual rod electrodes sur 
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rounding an ion optical axis, each virtual rod electrode com 
prises a plurality of short segmented rod electrodes spaced in 
a direction of the ion optical axis, and a radio-frequency 
voltage Whose amplitude or frequency is different is applied 
to the plurality of segmented rod electrodes belonging to a 
same virtual rod electrode, thereby the ion guide forms a 
gradient of a magnitude or depth of a pseudopotential by the 
radio-frequency electric ?eld along an ion’s traveling direc 
tion, and the ion is accelerated in the traveling direction in 
accordance With the gradient. 

7. A mass spectrometer having an ion guide for converging 
ions by a radio-frequency electric ?eld inside a collision cell 
or an intermediate vacuum chamber and simultaneously 

12 
transporting the ions into a subsequent stage, Wherein the ion 
guide comprises of a plurality of virtual rod electrodes sur 
rounding an ion optical axis, each virtual rod electrode com 
prises a plurality of short segmented rod electrodes spaced in 
a direction of the ion optical axis, and the plurality of seg 
mented rod electrodes belonging to a same virtual rod elec 
trode have a different cross-sectional shape, thereby the ion 
guide forms a gradient of a magnitude or depth of a pseudo 
potential by the radio-frequency electric ?eld along an ion’s 
traveling direction, and the ion is accelerated in the traveling 
direction in accordance With the gradient. 

* * * * * 


